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(57) ABSTRACT 

In an optical inspection system, defects such as particles, 
pits, subsurface voids, mounds, or other defects occurring at 
or near the smooth surface of a substrate are classi?ed by 

type and siZe based on the magnitude S of a signal produced 
by collected light for each of a plurality N of different test 
con?gurations, yielding a plurality of signal magnitudes S1 
through SN. A database is consulted, comprising a relation 
ship of S versus defect siZe d for each test con?guration and 
for each of a plurality of idealized defect types, so as to 
determine a defect siZe d corresponding to each measured 
signal magnitude S, and an average defect siZe is determined 
for each defect type. Signal magnitudes <S1> through <SN> 

(22) Flled: Mar‘ 12’ 2001 that Would be produced by a defect of the average siZe are 

publication Classi?cation determined for each defect type, and defect type is deter 
mined based on a smallest deviation betWeen the measured 

(51) Int. Cl.7 ................................................... .. G01N 21/88 magnitudes and the determined magnitudes. 
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Response to PSL Spheres by Channel 
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Response to Silicon Spheres by Channel 
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Response to Tungsten Spheres by Channel 
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Response to Conical Pits by Channel 
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METHOD AND APPARATUS FOR CLASSIFYING 
DEFECTS OCCURRING AT OR NEAR A SURFACE 

OF A SMOOTH SUBSTRATE 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods and appa 
ratus for optically detecting defects in or on a smooth surface 
of a substrate such as a silicon Wafer, and for classifying the 
defects in terms of defect type and siZe. 

BACKGROUND OF THE INVENTION 

[0002] Optical inspection methods are frequently used for 
inspecting the quality of a smooth surface of a substrate such 
as a silicon Wafer, computer disk, or the like. In most such 
inspection systems, the surface is impinged With a beam of 
laser light and the light scattered and re?ected from the 
surface is collected and converted into electrical signals that 
are analyZed so as to infer the presence and siZe of certain 
defects on the surface. At least in the case of optical 
inspection of silicon Wafers that are used as the starting 
material for making integrated circuit chips, the types of 
defects of major concern include particles of foreign mate 
rials on the surface, pits formed in the surface, scratches in 
the surface, and others. 

[0003] Particles on the Wafer surface can interfere With the 
lithography process by Which lines of electrically conductive 
material are formed on the surface. As a general rule, any 
particle Whose diameter is larger than half the Width of the 
electrical lines to be laid onto the surface constitutes an 
unacceptable defect. If there are too many such particles, the 
Wafer must be rejected. Currently, integrated circuits are 
being made With line Widths as small as 0.25 pm (250 nm), 
so that particles larger than 125 nm in diameter occurring on 
the Wafer surface Would be cause for rejecting the Wafer, 
While particles smaller than 125 nm Would be tolerable. The 
semiconductor industry is quickly moving toWards produc 
tion of circuits composed of 0.18 pm and then 0.15 pm lines, 
Which means that much smaller particles Will soon cause 
concern. 

[0004] Wafer inspection systems must be calibrated in 
order to function properly to accurately determine the diam 
eter of a particle. The calibration is typically done by 
intentionally placing a plurality of particles of various 
knoWn diameters on the Wafer surface and inspecting the 
Wafer With the inspection apparatus, so that the scattered 
light intensities produced from the various siZes of particles 
can be correlated to the particle siZes. These calibration 
particles are usually spheres made of polystyrene lateX 
(PSL). 
[0005] One dif?culty that has been encountered in Wafer 
inspection processes is that identically siZed particles of 
different material types can produce substantially different 
scattered light intensities. Stated differently, tWo particles 
made of different materials and having substantially differ 
ent diameters may produce virtually the same measured 
scattered light intensity. For eXample, it has been found that 
silicon particles of a given diameter Will produce a much 
larger scatter intensity than the same diameter PSL particle. 
In fact, among the various types of materials that can 
commonly appear on a Wafer surface in the form of particles, 
PSL particles tend to be one of the loWest sources of light 
scattering. Thus, after the inspection apparatus has been 

Oct. 24, 2002 

calibrated With PSL particles, the apparatus Will tend to 
overestimate the diameters of silicon particles and those of 
many other materials. Accordingly, Wafers are rejected as 
having particles larger than half the line Width, even though 
in reality the particles may be smaller than half the line 
Width. Therefore, the accuracy With Which particles can be 
siZed by light scattering can be greatly increased if some 
thing is knoWn about the particle material. 

[0006] Another advantage to the semiconductor industry 
in being able to identify particle material is that this infor 
mation provides a strong clue as to the source of the 
contamination. Because particle contamination has to be 
reduced to a level Where useful product can be produced, 
?nding and eliminating contamination sources quickly is 
economically important. 
[0007] For light of a given Wavelength, every material has 
an indeX of refraction, Which indicates hoW much the speed 
of light is reduced Within the material, and an absorption 
coef?cient, Which is generally indicative of hoW opaque the 
material is to the light. The combination of the indeX of 
refraction and absorption coef?cient, Which are knoWn as the 
material constants, is unique for each different material. The 
combinations of these material constants can be roughly 
separated into four groups: (1) dielectrics such as PSL, SiO2, 
and Al2O3 (loW indeX of refraction and Zero absorption 
coef?cient); (2) semiconductors such as silicon (large indeX 
of refraction and small absorption coef?cient); (3) gray 
metals such as tungsten (large indeX of refraction and large 
absorption coef?cient); and (4) good conductors such as 
silver (small indeX of refraction and large absorption coef 
?cient). 
[0008] The combination of particle material, along With 
particle shape and the material constants for the substrate 
surface (Which are knoWn), completely and uniquely de?ne 
the pattern of light scattered by the particle for any given 
light source. Moreover, for particles Whose average diameter 
is less than about one-?fth of a Wavelength of the illumi 
nating light, the particle shape does not play a signi?cant 
role in determining the scatter pattern. Thus, for visible light 
and particles smaller than about 100 nm, knoWledge of the 
average particle diameter and the various material constants 
are enough to calculate the scatter pattern for a given 
scattering geometry. This fact has alloWed the development 
of scattering models that predict scatter patterns for a given 
set of conditions. These models have been experimentally 
con?rmed and the results published. 

[0009] What Would be desirable is a system and method 
for solving the more dif?cult inverse problem. That is, it 
Would be desirable to be able to determine the particle 
material and average particle diameter from a knoWledge of 
the scatter pattern. Heretofore, methods have been devel 
oped for determining average particle diameter by analyZing 
the scatter pattern, for eXample as described in commonly 
oWned US. Pat. No. 5,712,701, Which is hereby incorpo 
rated herein by reference. HoWever, as noted above, the 
accuracy of such methods depends on the calibration of the 
system, and currently the calibration must be performed 
using PSL spheres, Which have substantially different mate 
rial constants from some of the other materials that can 
appear as particles on a Wafer. 

[0010] Methods for identifying particle material have been 
proposed. For instance, US. Pat. No. 5,037,202 to Batch 
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elder et al. discloses methods and apparatus in Which tWo 
parallel light beams that are initially mutually coherent but 
of different polariZations are focused onto a focal plane 
(such as the surface of a Wafer) such that they are displaced 
apart from each other at the focal plane. After the beams are 
re?ected from the surface, a further optical system intercepts 
the beams and combines them so that a particle-induced 
phase shift in one of the beams is manifested by a change in 
the elliptical polariZation of the combined beams. A ?rst 
detector is responsive to the combined beam’s intensity 
along a ?rst polariZation axis to produce a ?rst output, and 
a second detector is responsive to the combined beam’s 
intensity along a second polariZation axis to produce a 
second output. The ?rst and second outputs are added to 
provide an extinction signal and are subtracted to provide a 
phase shift signal. The phase shift and extinction are corre 
lated With index of refraction of the particle material, and 
hence the identity of the material purportedly can be deter 
mined based on the phase shift and extinction values. The 
siZe of the particle purportedly can be inferred from its 
position on a curve of extinction versus phase shift. Thus, in 
Batchelder’s system and method, information about the 
particle is inferred by analyZing the specularly re?ected 
beams. A disadvantage of this approach is that the re?ected 
light is relatively insensitive to changes in particle proper 
ties, such that small particles (e.g., particles on the order of 
100 nm or smaller) Will produce quite small changes in the 
specularly re?ected beams that can be difficult to accurately 
measure. Accordingly, the Batchelder approach may not be 
optimum for identifying small particles of the siZe that begin 
to cause problems in integrated circuit manufacturing. 

[0011] Us. Pat. No. 5,515,163 to Kupershmidt et al. 
discloses methods and apparatus in Which a polariZed laser 
beam is intensity modulated at a ?rst frequency and is split 
into tWo orthogonally polariZed beams, and the tWo beams 
are phase shifted relative to each other at a second frequency. 
The tWo phase-shifted beams are directed onto the surface 
being inspected, and light scattered by particles at an angle 
to the tWo beams is detected. The detected light is synchro 
nously demodulated to determine the amplitude of the 
scattered light at the frequency of intensity modulation and 
the amplitude and phase of the scattered light at the fre 
quency of phase modulation. These quantities purportedly 
can be correlated to siZe and refraction index of particles to 
permit identi?cation of particles. Kupershmidt’s method 
involves complicated calculations, and the measurements 
require sampling over a number of modulation cycles in 
order to obtain accurate measurements for a given scanned 
portion of the surface being inspected. Accordingly, scan 
ning of the entire surface Would likely be relatively sloW. 

[0012] The assignee of the present application has devel 
oped a method and apparatus for identifying the material of 
Which a particle is made, as described in commonly assigned 
US. Pat. No. 6,122,047, the entire disclosure of Which is 
incorporated herein by reference. The method involves 
measuring the scatter pattern produced by light scattering 
from a particle, and comparing the measured scatter pattern 
With a plurality of predetermined scatter patterns produced 
by particles of various knoWn materials and siZes, so as to 
identify the predetermined scatter pattern that most nearly 
matches the measured one. The scatter pattern is de?ned by 
signals from a plurality of light collectors positioned in 
different locations With respect to the particle and incident 
light beam. 
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SUMMARY OF THE INVENTION 

[0013] The present invention represents an improvement 
over the method and apparatus disclosed in US. Pat. No. 
6,122,047, and is applicable not only for identifying particle 
material and siZe, but also for identifying and siZing other 
types of defects such as pits, scratches, subsurface defects 
(e.g., voids), etc. In accordance With the invention, a pre 
ferred method for classifying defects occurring at or near a 
surface of a smooth substrate proceeds as folloWs: 

[0014] (a) The method begins by de?ning a plurality 
M of different idealiZed types of defects, labeled 
m=1 to M (e.g., spherical particle, conical pit, etc.), 
that can occur at the surface of the substrate, such 
that a given defect occurring at the surface can be 
categoriZed into one of the M defect types and can be 
described in terms of siZe, at least approximately, by 
a siZe parameter dm. 

[0015] (b) Next, for each of the M different idealiZed 
types of defects, a database is constructed containing 
a plurality N of different sets of data, labeled n=1 to 
N. Each set of data comprises a relationship betWeen 
a magnitude S of a signal from a light collector 
versus siZe parameter. The N different sets of data for 
each defect type correspond to N different predeter 
mined test con?gurations in Which a beam of light 
having predetermined characteristics is impinged on 
the surface of the substrate at a predetermined inci 
dent angle and light emanating from the surface is 
collected by the light collector at a predetermined 
location above the surface and the intensity of the 
collected light is measured. Each of the N different 
test con?gurations differs from each of the other 
con?gurations in some respect that produces an 
independent relationship betWeen a signal magnitude 
and a defect siZe. The N different predetermined test 
con?gurations are the same for each idealiZed defect 
type. Thus, there are M different databases each 
containing N different sets of data. For example, if 
the defect types comprise spherical particles, conical 
pits, ellipsoidal particles, and mounds (i.e., M=4), 
and there are three different test con?gurations rep 
resented by three light collectors located in different 
locations above the substrate surface (i.e., N=3), 
there Would be four different databases each con 
taining three data sets of signal magnitude versus 
defect siZe. 

[0016] (c) The substrate is tested With each of the N 
different predetermined test con?gurations so as to 
derive N signal magnitudes S1, . . . , SN for a defect 
to be siZed and classi?ed. 

[0017] (d) Each of the M different databases is con 
sulted to determine a defect siZe d corresponding to 
each of the N measured signal magnitudes S1, . . . , 

SN. Thus, N different siZes d1 to dN are determined 
for each of the M different idealiZed defect types. 

[0018] (e) For each of the M different defect types, an 
average siZe <d> is calculated based on the N dif 
ferent siZes d1 to dN, and based on this average siZe 
<d>, the respective database is used to determine the 
signal magnitudes that Would be produced by the 
respective defect type having the siZe <d>. These 
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signal magnitudes are denoted <S1> to <SN>. In 
general, these signal magnitudes Will differ from one 
another, With the degree of variance betWeen them 
being generally indicative of hoW closely the defect 
being analyZed resembles the respective idealiZed 
defect type. 

[0019] Thus, for each idealiZed defect type, a 
deviation parameter a is calculated representing a 
combined deviation betWeen the measured signal 
magnitudes S1 to SN and the determined signal mag 
nitudes <S1> to <SN>, so as to derive a plurality of 
deviation parameters 01 to GM corresponding to the 
M different idealiZed defect types. 

[0020] (g) The defect being analyZed is classi?ed as 
being of the idealiZed type having the smallest 
deviation parameter a. The siZe of the defect is 
determined based on the average siZe <d> corre 
sponding to that idealiZed type. 

[0021] In an alternative method in accordance With the 
invention, steps (a) through (d) above are performed, and the 
defect is classi?ed as being of the idealiZed type having the 
smallest spread betWeen the plurality of siZes d1 to dN. The 
siZe of the defect is determined based on an average of the 
siZes d1 to dN. 

[0022] The plurality N of test con?gurations can be pro 
vided in various Ways. In one embodiment, a plurality of 
light collectors are positioned above the surface of the 
substrate for collecting light scattered to various regions of 
the space of the surface. Thus, the plurality of test con?gu 
rations are effected simultaneously When a single light beam 
is impinged on a given point of the substrate surface. 

[0023] Alternatively, the plurality of test con?gurations 
can be effected by changing a property of the incident light 
beam or a property of the scattered light received at a light 
collector. For instance, the incident angle of the light beam 
can be varied to produce the plurality of test con?gurations, 
or the polariZation of the incident beam can be varied. 
Another possibility is to vary the polariZation of the light 
received at the light collector. The method used for effecting 
the plurality of test con?gurations is not critical, as long as 
the different con?gurations produce discernable differences 
in the characteristics of the light that rebounds from the 
substrate surface and defect so that such differences can be 
correlated With defect type and siZe. 

[0024] A signi?cant advantage of the present invention is 
that the method does not depend on using any particular 
scanner con?guration, but rather can be adapted to any 
con?guration simply by constructing the databases in accor 
dance With the scanner con?guration. The databases can be 
provided either analytically based on mathematical models, 
or empirically by testing knoWn defect types and siZes. 

[0025] Furthermore, the invention is not negatively 
affected by the Well-known phenomenon of “dips” in the 
scatter distribution (i.e., scattered light intensity versus 
scattering angle or equivalent) that are produced by certain 
types of defects, particularly silicon particles. In fact, the 
presence of these dips in the data actually enhances the 
ability to identify defect type because not all defect types 
exhibit such dips, and those that do exhibit dips have 
different dip characteristics. At any rate, because of the dip 
phenomenon, the signal magnitude S from a given light 
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collector, When plotted against particle diameter d, can yield 
more than one diameter for a given signal magnitude. This 
presents no problem With the present invention, hoWever; 
for any S versus d relationship in the database that has more 
than one siZe parameter d for a given signal magnitude S, 
each siZe parameter d corresponding to the signal magnitude 
S is simply treated as if it Were from an additional test 
con?guration. Thus, a deviation parameter a is calculated 
based on each of the diameters and is compared to the other 
deviation parameters to determine the smallest deviation 
parameter. 

[0026] The average diameter <d> for each idealiZed defect 
type in the database is preferably calculated as folloWs: 

[0027] The parameter 0t is a constant. Using different 
values for a alloWs the average siZe to be calculated in 
different Ways. If ot=0 is chosen, then the average siZe <d> 
is just the simple arithmetic average; hoWever, using ot=1 is 
a more preferred approach that has yielded better accuracy 
for a number of defect types. 

[0028] The deviation parameter for each defect type pref 
erably is calculated based on a summation of differences 
betWeen each measured signal magnitude S and the corre 
sponding determined signal magnitude <S> that corresponds 
to the average defect siZe <d>. For instance, the deviation 
parameter (I can be calculated based on the formula: 

[0029] The parameter [3 is a constant. Using different 
values for [3 alloWs the deviation parameter to be found in 
different Ways. If [3=1 is chosen, then the deviation param 
eter is the sum of the absolute values of the differences 
betWeen the signals that Were measured and the signals 
associated With the average siZe parameter <d>. Apreferred 
value for [3, hoWever, is 2, such that the deviation parameter 
is the square root of the sum of the squares of the differences. 
This approach has yielded better accuracy for a number of 
defect types. Of course, it Will be recogniZed that there are 
other Ways in Which a deviation parameter could be calcu 
lated in accordance With the invention, and the invention is 
not limited to any particular formula. 

[0030] Once the deviation parameters 01 to GM corre 
sponding to the M different idealiZed defect types have been 
calculated, preferably, several of the smallest deviation 
parameters are identi?ed and, for each of these deviation 
parameters, a relative probability value P is calculated, 
representing a relative probability that the defect in question 
belongs to the defect type associated With the particular 
deviation parameter. For example, if the three smallest 
deviation parameters are denoted o1, o2, and 03, a prob 
ability value for o1 is calculated based on the formula: 
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[0031] Probability parameters P2 and P3 Would be calcu 
lated by analogous formulas. The parameter A is a constant. 
Using different values for 6 alloWs the relative probability to 
be found in different Ways. It has been found for many defect 
types that 6=1 Works Well. HoWever, other values for 6 can 
be used instead, and indeed an entirely different formula 
could be used for deriving a probability parameter in accor 
dance With the invention. Preferably, for each defect type 
corresponding to the three smallest deviation parameters, the 
defect type, probability value, and defect siZe are reported. 

[0032] The invention also provides an apparatus for clas 
sifying defects in terms of type and siZe. The apparatus 
includes a storage medium storing the databases of signal 
magnitude versus siZe for each test con?guration and defect 
type, a light collector system for collecting light that is 
scattered and/or re?ected from the substrate and any defect 
thereon, and a computer connected With the light collector 
system and storage medium and operable to receive signals 
from the light collector system and access the databases to 
determine the defect type and siZe present on the substrate 
surface. Preferably, the apparatus includes a scanning sys 
tem for effecting relative movement betWeen the substrate 
being inspected and the incident light beam so that the beam 
is scanned over the entire substrate surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The above and other objects, features, and advan 
tages of the invention Will become more apparent from the 
folloWing description of certain preferred embodiments 
thereof, When taken in conjunction With the accompanying 
draWings in Which: 

[0034] FIG. 1 is a schematic side elevation of an apparatus 
in accordance With one embodiment of the invention; 

[0035] FIG. 2 is a schematic top plan vieW of the appa 
ratus; 

[0036] FIG. 3 is a plot of the integrated signal magnitude 
from each of the light detectors versus particle diameter for 
spherical polystyrene lateX (PSL) particles on the substrate 
surface; 
[0037] FIG. 4 is plot similar FIG. 3 for spherical silicon 
particles; 
[0038] FIG. 5 is a plot similar to FIG. 3 for spherical 
tungsten particles; 

[0039] FIG. 6 is a plot similar to FIG. 3 for conical pits 
in the surface; and 

[0040] FIG. 7 is a plot similar to FIG. 3 for silicon 
particles having an oblate ellipsoid shape. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0041] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying draW 
ings, in Which preferred embodiments of the invention are 
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shoWn. This invention may, hoWever, be embodied in many 
different forms and should not be construed as limited to the 
embodiments set forth herein; rather, these embodiments are 
provided so that this disclosure Will be thorough and com 
plete, and Will fully convey the scope of the invention to 
those skilled in the art. Like numbers refer to like elements 
throughout. 

[0042] With reference to FIGS. 1 and 2, an apparatus 20 
in accordance With a preferred embodiment of the invention 
is shoWn. The apparatus 20 includes a Wafer transport device 
22 adapted to support a substrate or Wafer W to be inspected. 
For purposes of the present description, it is assumed that the 
Wafer W is supported such that the surface S to be inspected 
is horiZontal; hoWever, it Will be understood that the Wafer 
need not be oriented horiZontally. The apparatus 20 includes 
a light source 24 operable for creating a narroW beam of 
light. The light source 24 preferably is a laser emitting a light 
beam in the visible spectrum. Shorter Wavelengths tend to 
produce larger particle scatter signals and thus contribute 
toWard improved accuracy of measurement, While longer 
Wavelengths tend to increase the maXimum particle diameter 
for Which the material can be identi?ed and thus eXtend the 
particle-diameter range over Which the method and appara 
tus are effective. The emitted beam can be passed through a 
beam expander 26 if desired, and then the beam is directed 
With the aid of one or more mirrors such as the mirror 28 
and/or one or more lenses such as the lenses 30 such that the 
beam is impinged on the surface S of the Wafer at an oblique 
angle of incidence 2i measured from a surface normal that 
passes through the region of the surface S illuminated by the 
incident beam. Preferably, the incident angle 2i is fairly 
large, for eXample about 45° to 80°, in order to emphasiZe 
the differences in scatter intensities for different locations in 
the hemispherical space above the surface S, as further 
described beloW. 

[0043] The incident beam strikes the surface S at the 
incident angle 2i and is specularly re?ected therefrom and is 
also scattered in many directions by imperfections on the 
surface. Aplane of incidence is de?ned by the incident beam 
and the surface normal. When the incident beam strikes a 
particle on the surface, the scattered light is scattered out of 
the plane of incidence. 

[0044] In accordance With the present invention, the scat 
tered light is collected by a plurality of collectors and 
analyZed in order to determine the type and siZe of defect 
occurring at the surface S. The specularly re?ected light can 
also be collected and analyZed, if desired, depending on the 
types of defects to be classi?ed. Thus, the apparatus in 
accordance With the invention includes a light collection 
system 40 for collecting scattered light at each of a plurality 
of locations spaced above the substrate surface. More par 
ticularly, a back collector 42 is located in a back region of 
the space above the surface S for collecting light scattered in 
a backWard direction. As shoWn in FIG. 2, the back collector 
42 can be displaced from the plane of incidence at a polar 
angle NS if desired. A center collector 44 is located in a 
center region of the space above the surface S proximate the 
surface normal. A forWard collector 46 is located in a 
forWard region of the space proXimate the specularly 
re?ected beam. The collectors 42, 44, 46 are formed by 
lenses and/or mirrors that collect scattered light and focus 
the collected light onto a corresponding detector 42a, 44a, 
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46a each of Which produces a signal indicative of the 
intensity of the scattered light collected and focused onto the 
detector. 

[0045] Each of the collectors 42, 44, 46 extends over a 
range of scatter angles 25 and preferably is generally circular, 
although other collector shapes can be used. The lenses or 
mirrors of the collectors effectively integrate the collected 
scattered light such that the magnitudes of the signals 
produced by the corresponding detectors represent integra 
tions of the light scattered over the areas of the collectors. 

[0046] Each collector thus provides a separate signal that 
can indicate the presence of a defect at the portion of the 
surface impinged by the incident light beam. The apparatus 
20 preferably includes a separate channel for each light 
collector, by Which the signals are fed to and processed by 
a processor 50. The processor 50 includes a computer or 
CPU 48 and a data storage unit 54. In accordance With the 
invention, the data storage unit 54 stores a database con 
taining information correlating the signal magnitudes S from 
each collector of the light collection system 40 With a siZe 
parameter d of a defect for each of a plurality of predeter 
mined idealiZed defect types that can occur at the surface of 
the substrate. 

[0047] FIGS. 3 through 7 depict the types of data that can 
be stored in the data storage unit 54. FIG. 3 shoWs a plot of 
signal magnitude S versus diameter d for each of the back, 
center, and forWard collectors for spherical particles of 
polystyrene lateX. FIG. 4 shoWs a similar plot for spherical 
particles of silicon. FIG. 5 shoWs a similar plot for spherical 
particles of tungsten. FIG. 6 is a similar plot for conical pits, 
and FIG. 7 is a plot for silicon particles having an oblate 
ellipsoid shape. Each of these ?gures thus represents a 
different idealiZed defect type. Of course, these ?gures 
represent only some of the possible defect types that can 
occur on or in the substrate surface, and different or addi 
tional defect types (e.g., micro scratches, mounds, protru 
sions of various shapes, etc.) could be de?ned and plots 
similar to those in FIGS. 3-7 could be constructed for each 
of these defect types. Once all of the idealiZed defect types 
that are to be included in the database are de?ned, informa 
tion such as that shoWn in FIGS. 3-7 is provided for each 
defect type and is stored in the data storage unit 54. This 
information can be provided either analytically by using 
scattering models, or empirically by actually testing the 
various defect types. Thus, the data storage unit stores a 
plurality M of databases corresponding to the M different 
defect types that are de?ned. 

[0048] In accordance With the present invention, each of 
the M different databases contains a relationship betWeen 
light collector signal magnitude S versus defect siZe d for 
each of a plurality N of different test con?gurations of the 
testing apparatus. For instance, in FIGS. 3-7, each of the 
three light collectors represents a different test con?guration, 
such that N=3. The type of defect to Which a given defect 
occurring at the substrate surface belongs is determined by 
running the apparatus in each of these different test con 
?gurations and obtaining the signal magnitudes from the 
light collection system 40 for each con?guration, and com 
paring the signal magnitudes With the various S versus d 
relationships in the database. The idealiZed defect type 
Whose data most closely matches the test data is identi?ed as 
the most likely type for the defect on the substrate. 
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[0049] As an eXample, consider a spherical silicon particle 
on the substrate surface. When the particle is impinged by 
the incident light beam, each of the back, center, and forWard 
light collectors produces a signal magnitude S. When these 
signal magnitudes are used With the corresponding curves in 
FIG. 4 for spherical silicon particles, each curve indicates 
the same particle diameter. HoWever, if the same signal 
magnitudes are used With the curves for other defect types 
such as those in FIGS. 3 and 5-7, each curve in general Will 
indicate a someWhat different defect siZe d as shoWn by the 
dashed lines in these ?gures. Accordingly, the invention 
employs a technique for determining hoW much variance or 
deviation there is betWeen the defect siZes inferred for the 
various test con?gurations, and the defect type having the 
smallest deviation is identi?ed as the most likely type to 
Which the defect being analyZed belongs. 

[0050] Various techniques for determining a deviation can 
be used in accordance With the invention. In a preferred 
embodiment of the invention, the measured signal magni 
tudes S1 through SN corresponding to the N different test 
con?gurations are used With the S versus d relationships for 
each idealiZed defect type to determine an average defect 
siZe <d>. This average defect siZe is then used to determine 
corresponding signal magnitudes <S1> through <SN> that 
Would be produced by a defect having the average siZe <d>. 
These determined signal magnitudes in general Will differ 
from the actual measured signal magnitudes S1 through SN, 
and the degree of difference is an indication of hoW likely it 
is that the defect in question is of the particular idealiZed 
type. Thus, in accordance With the invention, a deviation 
parameter a is calculated as a combined deviation betWeen 
the measured signal magnitudes S1 through SN and the 
corresponding determined signal magnitudes <S1> through 
<SN> based on the calculated average defect siZe <d>. The 
idealiZed defect type yielding the smallest deviation param 
eter a is identi?ed as the most likely type to Which a defect 
in question belongs. 

[0051] Preferably, the average defect siZe <d> for a given 
defect type can be calculated as a Weighted average based on 
the signal magnitudes, such as by the folloWing formula: 

[0052] Where the diameter dB for each nth test con?gura 
tion (n=1 to N) is determined by using the signal magnitude 
Sn measured With that test con?guration and the S versus d 
relationship for that test con?guration. The parameter 0t is a 
constant. Using different values for 0t alloWs the average siZe 
to be calculated in different Ways. If ot=0 is chosen, then the 
average siZe <d> is just the simple arithmetic average; 
hoWever, using ot=1 is a more preferred approach that has 
yielded better accuracy for a number of defect types. 

[0053] The deviation parameter for each defect type pref 
erably is calculated based on a summation of differences 
betWeen each measured signal magnitude S and the corre 
sponding determined signal magnitude <S> that corresponds 
to the average defect siZe <d>. For instance, the deviation 
parameter a can be calculated based on the formula: 
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[0054] The parameter [3 is a constant. Using different 
values for [3 allows the deviation parameter to be found in 
different Ways. If [3=1 is chosen, then the deviation param 
eter is the sum of the absolute values of the differences 
betWeen the signals that Were measured and the signals 
associated With the average siZe parameter <d>. Apreferred 
value for [3, hoWever, is 2, such that the deviation parameter 
is the square root of the sum of the squares of the differences. 
This approach has yielded better accuracy for a number of 
defect types. Of course, it Will be recogniZed that there are 
other Ways in Which a deviation parameter could be calcu 
lated in accordance With the invention, and the invention is 
not limited to any particular formula. 

[0055] Once the deviation parameters 01 to GM corre 
sponding to the M different idealiZed defect types have been 
calculated, preferably, several of the smallest deviation 
parameters are identi?ed and, for each of these deviation 
parameters, a relative probability value P is calculated, 
representing a relative probability that the defect in question 
belongs to the defect type associated With the particular 
deviation parameter. For eXample, if the three smallest 
deviation parameters are denoted o1, o2, and 03, a prob 
ability value for o1 is calculated based on the formula: 

[0056] Probability parameters P2 and P3 Would be calcu 
lated by analogous formulas. The parameter 6 is a constant. 
Using different values for 6 alloWs the relative probability to 
be found in different Ways. It has been found for many defect 
types that 6=1 Works Well. HoWever, other values for 6 can 
be used instead, and indeed an entirely different formula 
could be used for deriving a probability parameter in accor 
dance With the invention. Preferably, for each defect type 
corresponding to the three smallest deviation parameters, the 
defect type, probability value, and defect siZe are reported. 

[0057] It Will be noted With respect to FIGS. 4 and 7 for 
silicon particles that the signal magnitude versus diameter 
tends to include “dips” such that the S versus d relationship 
can have more than one diameter value for a given signal 
magnitude. This characteristic can cause problems in the 
data analysis of many optical defect scanners currently being 
used. HoWever, in accordance With the present invention, 
these characteristic dips do not cause problems and can 
actually help in the identi?cation of defect types. To handle 
any S versus d curve that yields multiple diameters for a 
given signal magnitude, each of the diameters is simply 
treated as if it Were derived from another test con?guration. 
Thus, a corresponding average defect siZe is calculated, and 
a deviation parameter is calculated, for each such diameter 
value. If more than one of the S versus d curves for a given 
defect type is multiple-valued in diameter, all of the com 
binations of the various diameters indicated by these curves 
are used. For instance, if three curves indicate three diam 
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eters each, there Will be 27 different combinations of these 
diameters. Each combination is treated as a separate test 
con?guration and a deviation parameter is calculated for 
each. In other respects, the method is the same as has been 
described above. 

[0058] In the eXemplary apparatus 20 and data analysis 
method described above, the various test con?gurations are 
produced by using a plurality of light collectors such that 
each collector represents a separate test con?guration. HoW 
ever, different or additional test con?gurations can be pro 
vided in other Ways. For instance, the polariZation of the 
incident light beam can be varied (e.g., P-polariZation and 
S-polariZation) and/or the Wavelength of the incident light 
beam can be varied. Alternatively or additionally, the polar 
iZation of the light collected and analyZed by the light 
collector system can be varied. Furthermore, additional or 
different light collectors can be employed, such as a collec 
tor for collecting specularly re?ected light. 

[0059] Although the eXamples described above employ 
three different test con?gurations as a result of having three 
light collectors, alternatively as feW as tWo different test 
con?gurations could be used in accordance With the inven 
tion. For eXample, tWo different collectors could be used for 
separately collecting near-normal scattered light and more 
obliquely scattered light; these collectors, if desired, could 
be con?gured to collect light from a full 360° about the 
normal to the substrate surface. In this case, the database 
Would include a different S versus d relationship for each of 
these tWo collectors and for each idealiZed defect type. 

[0060] The invention thus provides a method and appara 
tus for not only determining the siZes of defects occurring at 
the surface of the substrate, but for also identifying various 
types of defects such as particles, pits, scratches, mounds on 
the surface, protrusions from the surface, the material of 
Which a particle is made, the shape (e.g., spherical, ellip 
soidal, etc.) of particles, and any other defect characteristic 
that produces discernable differences in the behavior of light 
scattered by the defect of interest. The method of the 
invention is applicable to optical scanners having any con 
?guration of light collectors. 

[0061] Many modi?cations and other embodiments of the 
invention Will come to mind to one skilled in the art to Which 
this invention pertains having the bene?t of the teachings 
presented in the foregoing descriptions and the associated 
draWings. Therefore, it is to be understood that the invention 
is not to be limited to the speci?c embodiments disclosed 
and that modi?cations and other embodiments are intended 
to be included Within the scope of the appended claims. 
Although speci?c terms are employed herein, they are used 
in a generic and descriptive sense only and not for purposes 
of limitation. 

What is claimed is: 
1. A method for classifying defects occurring at or near a 

surface of a smooth substrate, comprising: 

(a) de?ning a plurality M of different idealiZed types of 
defects that can occur at the surface of the substrate, 
such that a given defect occurring at the surface can be 
described at least approximately by a siZe parameter d 
and by one of said idealiZed types; 

(b) providing a database containing a plurality N of 
different sets of data for each said idealiZed type of 
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defect, each set of data comprising a magnitude S of a 
signal from a light collector versus siZe parameter, the 
N different sets for each defect type corresponding to N 
different predetermined test con?gurations in Which a 
beam of light having predetermined characteristics is 
impinged on the surface of the substrate at a predeter 
mined incident angle and light emanating from the 
surface is collected by the light collector at a predeter 
mined location above the surface and the intensity of 
the collected light is measured, the different predeter 
mined test con?gurations being the same for each 
idealiZed defect type; 

(c) testing the substrate With each of said N different 
predetermined test con?gurations so as to derive N 
signal magnitudes S1 to SN for a defect to be siZed and 
classi?ed; 

(d) for each of the M idealiZed defect types, using the 
database therefor to determine a plurality of siZes d1 to 
dN corresponding to the N signal magnitudes S1 to SN; 
and 

(e) classifying the defect as being of the idealiZed type 
having the smallest spread betWeen said plurality of 
siZes d1 to dN and determining a siZe of the defect based 
on an average of said siZes. 

2. The method of claim 1, Wherein the plurality of 
idealiZed defect types include at least particles of a plurality 
of different materials. 

3. The method of claim 1, Wherein the plurality of 
idealiZed defect types include at least particles and pits. 

4. The method of claim 1, Wherein the plurality of 
different test con?gurations are de?ned by light collectors 
positioned at a plurality of different spaced locations above 
the surface of the substrate. 

5. The method of claim 1, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different incident angles relative 
to the surface of the substrate. 

6. The method of claim 1, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different polariZations. 

7. The method of claim 1, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different Wavelengths. 

8. The method of claim 1, Wherein for any S versus d 
relationship in the database that has more than one siZe 
parameter d for a given signal magnitude S, each said siZe 
parameter d corresponding to the signal magnitude S is 
compared With the siZe parameters corresponding to the 
other signal magnitudes and the spread betWeen the siZe 
parameters is determined and compared With the spreads for 
the other idealiZed defect types. 

9. A method for classifying defects occurring at or near a 
surface of a smooth substrate, comprising: 

(a) de?ning a plurality M of different idealiZed types of 
defects that can occur at the surface of the substrate, 
such that a given defect occurring at the surface can be 
described at least approximately by a siZe parameter d 
and by one of said M idealiZed types; 

(b) providing a database containing a plurality N of 
different sets of data for each said idealiZed type of 
defect, each set of data comprising a magnitude S of a 
signal from a light collector versus siZe parameter, the 
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N different sets for each defect type corresponding to N 
different predetermined test con?gurations in Which a 
beam of light having predetermined characteristics is 
impinged on the surface of the substrate at a predeter 
mined incident angle and light emanating from the 
surface is collected by the light collector at a predeter 
mined location above the surface and the intensity of 
the collected light is measured, the different predeter 
mined test con?gurations being the same for each 
idealiZed defect type; 

(c) testing the substrate With each of said N different 
predetermined test con?gurations so as to derive N 
signal magnitudes S1 to SN for a defect to be siZed and 
classi?ed; 

(d) for each idealiZed defect type, using the database to 
determine at least N siZes d1 to dN corresponding to the 
N signal magnitudes S1 to SN, calculating an average 
siZe <d>, and using the database to determine signal 
magnitudes <S1> to <SN> that correspond to the aver 
age siZe <d>; 

(e) for each idealiZed defect type, calculating a deviation 
parameter a representing a combined deviation 
betWeen the signal magnitudes S1 to SN and the deter 
mined signal magnitudes <S1> to <SN>, so as to derive 
M deviation parameters 01 to GM corresponding to the 
M idealiZed defect types; and 

(f) classifying the defect as being of the idealiZed type 
having the smallest deviation parameter (I, and deter 
mining a siZe of the defect based on the average siZe 
<d> corresponding to said idealiZed type. 

10. The method of claim 9, Wherein the plurality of 
idealiZed defect types include at least particles of a plurality 
of different materials. 

11. The method of claim 9, Wherein the plurality of 
idealiZed defect types include at least particles and pits. 

12. The method of claim 9, Wherein the plurality of 
different test con?gurations are de?ned by light collectors 
positioned at a plurality of different spaced locations above 
the surface of the substrate. 

13. The method of claim 9, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different incident angles relative 
to the surface of the substrate. 

14. The method of claim 9, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different polariZations. 

15. The method of claim 9, Wherein the plurality of 
different test con?gurations are de?ned by a plurality of 
incident light beams having different Wavelengths. 

16. The method of claim 9, further comprising calculating 
a probability parameter associated With each of a plurality of 
the idealiZed defect types indicative of a relative probability 
that the defect belongs to the idealiZed defect type. 

17. The method of claim 16, Wherein the probability 
parameter for each idealiZed defect type is calculated based 
on the deviation parameters. 

18. The method of claim 16, Wherein probability param 
eters are calculated for only those idealiZed defect types 
having the J smallest deviation parameters, Where J is an 
integer smaller than M. 

19. The method of claim 9, Wherein the deviation param 
eter for each idealiZed defect type is calculated based on a 
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summation of deviations between each measured signal 
magnitude Sn and the corresponding determined signal mag 
nitude <Sn>, Where n=1 to N. 

20. The method of claim 9, Wherein for any S versus d 
relationship in the database that has more than one siZe 
parameter d for a given signal magnitude S, each said siZe 
parameter d corresponding to the signal magnitude S is 
combined With the siZe parameters corresponding to the 
other signal magnitudes to form an average siZe parameter 
and said average siZe parameter is used to determine corre 
sponding signal magnitudes <S1> to <SN> and a deviation 
parameter (I. 

21. The method of claim 9, Wherein the average siZe 
parameter <d> for each idealiZed defect type is calculated as 
a Weighted average in Which each individual siZe parameter 
d is Weighted by the signal magnitude S corresponding 
thereto. 

22. The method of claim 9, Wherein the database is 
provided by using a mathematical model to calculate signal 
magnitude versus siZe parameter for each test con?guration 
and each idealiZed defect type. 

23. The method of claim 9, Wherein the database is 
provided by conducting a test for each test con?guration and 
each idealiZed defect type. 

24. A method for determining the material of Which a 
particle occurring on a surface of a smooth substrate is made 
and for determining a siZe of the particle, comprising: 

(a) de?ning a plurality of different materials of Which the 
particle could be made; 

(b) providing a database containing a group of N different 
sets of data for each said material, each set of data 
comprising a magnitude S of a signal from a light 
collector versus a particle diameter d, the N different 
sets for each material corresponding to N different 
predetermined test con?gurations in Which a beam of 
light having predetermined characteristics is impinged 
on the surface of the substrate at a predetermined 
incident angle and light emanating from the surface is 
collected by the light collector at a predetermined 
location above the surface and the intensity of the 
collected light is measured, the different predetermined 
test con?gurations being the same for each material; 

(c) testing the substrate With each of said N different 
predetermined test con?gurations so as to measure N 
signal magnitudes S1 to SN for a particle to be identi?ed 
and siZed; 

(d) comparing the measured signal magnitudes S1 to SN 
With the database and identifying the material of the 
particle based on the group Whose data most closely 
matches the measured signal magnitudes S1 to SN; and 

(e) determining the siZe of the particle based on the group 

identi?ed in step 25. The method of claim 24, Wherein steps (d) and (e) 
comprise: 

(1) for each material, using the corresponding group in the 
database to determine a plurality of siZes d1 to dN 
corresponding to the N measured signal magnitudes S1 
to SN, calculating an average siZe <d>, and using the 
database to determine signal magnitudes <S1> to <SN> 
that correspond to the average siZe <d>; 
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(2) for each material, calculating a deviation parameter 0 
representing a combined deviation betWeen the mea 
sured signal magnitudes S1 to SN and the determined 
signal magnitudes <S1> to <SN>, so as to derive a 
plurality of deviation parameters 01 to ON correspond 
ing to the plurality of materials; and 

(3) classifying the defect as being of the material having 
the smallest deviation parameter (I, and determining a 
siZe of the defect based on the average siZe <d> 
corresponding to said material. 

26. The method of claim 25, Wherein the deviation 
parameter for each idealiZed defect type is calculated based 
on the formula: 

27. An apparatus for determining the material of Which a 
particle occurring on a surface of a smooth substrate is made 
and for determining a siZe of the particle, comprising: 

a light source operable to create a light beam and impinge 
the light beam on the surface of the substrate With a 
predetermined incident angle relative to the surface and 
With a predetermined Wavelength and predetermined 
polariZation; 

a light collector system disposed above the surface of the 
substrate and operable to collect, at one or more loca 
tions, light emanating from a particle on the surface as 
a result of the impingement of the light beam thereon 
and further operable to create a signal for each said 
location having a magnitude indicative of intensity of 
the collected light, the light collector system de?ning a 
separate channel for carrying the signal associated With 
each said location; 

means for changing a test con?guration of the apparatus 
so as to de?ne a plurality N of different predetermined 
test con?gurations that, When tested, yield N measured 
signal magnitudes S1 to SN for a particle to be identi?ed 
and siZed; and 

a storage medium storing a database containing a group of 
N different sets of data for each of a plurality M of 
predetermined materials of Which the particle could be 
made, each set of data comprising a magnitude S of a 
signal versus a particle diameter d, the N different sets 
for each material corresponding to the N different 
predetermined test con?gurations. 

28. The apparatus of claim 27, further comprising: 

a computer connected With the storage medium and the 
light collector system and operable to compare the 
measured signal magnitudes S1 to SN With the database 
and identify the material of the particle based on the 
group Whose data sets most closely match the measured 
signal magnitudes S1 to SN and operable to determine 
the siZe of the particle based on said group. 

29. The apparatus of claim 28, Wherein the computer is 
further operable to access each group in the database cor 
responding to each material and to determine, based on the 
data sets in each group, a plurality of siZes d1 to dN for each 
material corresponding to the N measured signal magnitudes 
S1 to SN, calculate an average siZe <d> for each material, and 
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determine signal magnitudes <S1> to <SN> that correspond 
to the average siZe <d> for each material. 

30. The apparatus of claim 29, Wherein the computer is 
further operable to calculate a deviation parameter a for each 
material representing a combined deviation betWeen the 
measured signal magnitudes S1 to SN and the determined 
signal magnitudes <S1> to <SN> for each material so as to 
derive a plurality of deviation parameters 01 to GM corre 
sponding to the plurality M of materials, the computer being 
operable to identify the material of the particle based on the 
magnitudes of the deviation parameters. 

31. The apparatus of claim 30, Wherein the computer 
calculates the deviation parameter a for each material based 
on a summation of deviations betWeen each measured signal 
magnitude Sn and the corresponding determined signal mag 
nitude <Sn>, Where n=1 to N. 

32. The apparatus of claim 27, Wherein the means for 
changing the test con?guration comprises a plurality of light 
collectors of the light collector system, the light collectors 
being distributed at a plurality of locations above the surface 
of the substrate, each light collector serving to de?ne a 
separate test con?guration. 

33. The apparatus of claim 27, Wherein the means for 
changing the test con?guration comprises means for chang 
ing the incident angle of the light beam. 

34. The apparatus of claim 27, Wherein the means for 
changing the test con?guration comprises means for chang 
ing a polariZation of the light beam. 

35. The apparatus of claim 27, Wherein the means for 
changing the test con?guration comprises means for chang 
ing a Wavelength of the light beam. 

36. The apparatus of claim 27, Wherein the means for 
changing the test con?guration comprises means for chang 
ing a polariZation of the light collected by the light collector 
system. 

37. The apparatus of claim 27, further comprising a 
scanning system operable to effect relative movement 
betWeen the light beam and substrate so as to scan the light 
beam over the surface. 

38. An apparatus for classifying defects occurring at or 
near a surface of a smooth substrate, comprising: 

a light source operable to create a light beam and impinge 
the light beam on the surface of the substrate With a 
predetermined incident angle relative to the surface and 
With a predetermined Wavelength and predetermined 
polariZation; 

a light collector system disposed above the surface of the 
substrate and operable to collect, at one or more loca 
tions, light emanating from a defect on the surface as a 
result of the impingement of the light beam thereon and 
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further operable to create a signal having a magnitude 
indicative of intensity of the collected light for each 
said location, the light collector system de?ning a 
separate channel for carrying the signal associated With 
each said location; 

means for changing a test con?guration of the apparatus 
so as to de?ne a plurality N of different predetermined 
test con?gurations that, When tested, yield N measured 
signal magnitudes S1 to SN for a defect to be identi?ed 
and siZed; 

a storage medium storing a database containing a group of 
N different sets of data for each of a plurality M of 
predetermined idealiZed defect types that can occur at 
the surface of the substrate, each set of data comprising 
a magnitude S of a signal versus a defect siZe parameter 
d, the N different sets for each idealiZed defect type 
corresponding to the N different predetermined test 
con?gurations; and 

a computer connected With the storage medium and light 
collector system and operable to access each group in 
the database corresponding to each idealiZed defect 
type and to determine, based on the data sets in each 
group, a plurality of siZes d1 to dN for each idealiZed 
defect type corresponding to the N measured signal 
magnitudes S1 to SN, calculate an average siZe <d> for 
each idealiZed defect type, and determine signal mag 
nitudes <S1> to <SN> that correspond to the average 
siZe <d> for each idealiZed defect type. 

39. The apparatus of claim 38, Wherein the computer is 
operable to compare the measured signal magnitudes S1 to 
SN With the database and identify the type of the defect based 
on the group Whose data sets most closely match the 
measured signal magnitudes S1 to SN and is operable to 
determine the siZe of the particle based on said group. 

40. The apparatus of claim 39, Wherein the computer is 
further operable to calculate a deviation parameter (I for 
each idealiZed defect type representing a combined devia 
tion betWeen the measured signal magnitudes S1 to SN and 
the determined signal magnitudes <S1> to <SN> for each 
idealiZed defect type so as to derive a plurality of deviation 
parameters 01 to GM corresponding to the plurality of ide 
aliZed defect types, the computer being operable to identify 
the type of the defect based on the magnitudes of the 
deviation parameters. 

41. The apparatus of claim 38, further comprising means 
for processing the signals from the light collector system so 
as to create the measured signal magnitudes S1 to SN. 

* * * * * 


